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Abstract: The high sensitivity of silicon microcantilever sensors has expanded their use in areas
ranging from gas sensing to bio-medical applications. Photochromic molecules also represent
promising candidates for a large variety of sensing applications. In this work, the operating principles
of these two sensing methods are combined in order to detect the reversible conformational change of
a molecular switch, spiropyran. Thus, arrays of silicon microcantilever sensors were functionalized
with spiropyran on the gold covered side and used as test microcantilevers. The microcantilever
deflection response was observed, in five sequential cycles, as the transition from the spiropyran
(SP) (CLOSED) to the merocyanine (MC) (OPEN) state and vice-versa when induced by UV and
white light LED sources, respectively, proving the reversibility capabilities of this type of sensor. The
microcantilever deflection direction was observed to be in one direction when changing to the MC
state and in the opposite direction when changing back to the SP state. A tensile stress was induced in
the microcantilever when the SP to MC transition took place, while a compressive stress was observed
for the reverse transition. These different type of stresses are believed to be related to the spatial
conformational changes induced in the photochromic molecule upon photo-isomerisation.
Keywords: microcantilever sensor; spiropyran; molecular switch; self-assembled monolayers

1. Introduction
Silicon microcantilever-based sensors have generated great interest in the last decades due to their
high sensitivity and their ability to work as label-free sensors capable of detecting numerous target
analytes [1–5]. Early work into microcantilever-based sensors began with the investigations of silicon
microcantilevers, typically used with atomic force microscopes, as sensor transducers in their own
right [6–8]. More recently, microcantilever sensors have proved their sensing abilities in various new
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areas ranging from gas, humidity and thermal sensing to novel applications in microbiology, genomics
and cancer detection [9–15]. Innovative microcantilever coatings include polymer brushes-based
on phenylboronic acid which have been used to detect glucose binding events [15] and graphene
oxide (GO) thin films for high-sensitivity humidity sensing [16]. Other examples involve the use
of microcantilever sensors for detection of various diseases through, for example, antibody-antigen
interactions for the detection of disease-related C-reactive proteins or for the screening of heart-related
diseases by using cardiomyocytes functionalized microcantilevers [17–19]. Different fabrication
methods for microcantilevers as well as the range of available modification methods in the substrate
and sensing layer allow for the realization of different types of cantilever-based sensors [20,21].
An improvement in microcantilevers sensor efficiency of the n-type over p-type silicon cantilevers was
demonstrated, and this effect was explained by their greater piezoresistive coefficient [20]. Examples
include micromachined silicon cantilever paddle sensors which can be used in high flow rate gas
sensing [20,21], and resonant cantilevers for pressure sensing [22].
Spiropyrans (SP) are one of the most popular families of photochromic molecules [23,24]. Upon
irradiation with UV light, the orthogonal SP isomer converts to the planar merocyanine (MC) form due
to the photo-cleavage of the Cspiro -O bond. The MC isomer shows a strong absorption band in the visible
region due to its conjugation. When the MC is exposed to visible light, the structure returns to the SP form.
The two isomers (SP vs. MC) have various different properties, including molecular conformations
(orthogonal vs. planar), absorption spectra, charge (neutral vs. zwitterion), electric dipole moment
(range of ~4–6 D vs. range of ~14–18 D) [25–27] and structural differences, whereby SP occupies less
volume than MC [28–30]. Means of identifying this conformation change commonly include nuclear
magnetic resonance (NMR) and optical methods such as UV/Vis, fluorescence, luminescence and
optically detected magnetic resonance (ODMR) spectroscopic techniques. The significantly different
physico-chemical properties between SP and MC allow for the utilization of SP in a wide variety of
applications, such as switchable photo-induced polarity sensors [31], volume change actuators [32–34]
and wettability modulators [35], as well as for photo-control of binding/release of ions [36–39], cell
adhesion [40] and membrane permeability [41]. Moreover, these molecules can be used to tune surface
morphology [33], mechanical properties [42,43] and surface stress [24,44]. Therefore, the combination
of microcantilever sensors and SP molecules could generate new types of sensors that synergistically
combine the molecular sensing and binding capabilities of the SP-MC pair within a flexible and versatile
sensing technology such as the microcantilevers sensors. There is an increased interest in attaching
molecular switches, such as SP, to thin films, as they allow for the conversion of molecular response
to control, for example, electronic [45], optical [45], wettability [35] and chemosensing properties of
materials [45].
Previous work by this group focused on demonstrating the capability of silicon microcantilever
sensors to detect the unidirectional conformation change from SP to MC, in the case of Si-bonded
self-assembled monolayers (SAMs) and polymeric brushes as a proof of concept [44]. Although
successful, several drawbacks such as the inhomogeneity of the generated layer and the tedious
coating protocol (e.g., polymer brushes) prevented this technology from being further investigated.
In the present work, the gold-coated side of similar silicon microcantilevers has been functionalized
with SP-dithiolane SAMs. The limitations of the previous published work were overcome since
functionalizing the gold side of the microcantilever, rather than the silicon side, substantially increased
the uniformity of the coverage, generating a closely packed configuration of the SP coating when
utilizing thiol-terminated SAMs on the microcantilever surface. The dithiolane SP will spontaneously
bind to the gold-coated surface of the microcantilever via a strong Au-S interaction ensuring a
straightforward surface functionalization. This new system allowed for the detection of the reversible
isomerization process between SP and MC over five sequential cycles. This work demonstrates
that microcantilevers are able to sense the reversible conformational change of the molecular switch,
SP, when functionalized on the gold surface of the microcantilever. The microcantilever deflection
provides quantitative information of the stress induced by the conversion between the two isomers
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2. Materials and Methods
2.1. Materials
2.1. Materials
N, N’-dicyclohexylcarbodiimide (purity ≥ 99.0%) (DCC), 4₋N, N-dimethylaminopyridine (purity
N,
N’-dicyclohexylcarbodiimide
(purity
≥ 99.0%)
(DCC), 4-N, N-dimethylaminopyridine
(purity
≥ 99.0%)
(DMAP), L-thioctic acid (purity
≥ 98.0%),
dichloromethane
(DCM), hexane, ethyl acetate
and
≥ ethanol
99.0%) (DMAP),
L-thioctic
acid
(purity
≥
98.0%),
dichloromethane
(DCM),
hexane,
ethyl
acetate
and
were all purchased from Sigma Aldrich (Ireland), and were used as received.
ethanolMicrocantilever
were all purchased
from
Sigma
Aldrichfrom
(Ireland),
were
used and
as received.
arrays
were
fabricated
singleand
crystal
silicon
are 756 μm long, 150 μm
Microcantilever
arrays
were
fabricated
from
single
crystal
silicon
and
are
756 µm long,
150 of
µm
wide, and 1 μm thick (Micromotive GmbH, Germany). Scanning electron microscopy
images
the
wide,
and
1
µm
thick
(Micromotive
GmbH,
Germany).
Scanning
electron
microscopy
images
of
microcantilevers were taken using the Carl Zeiss EVOLS 15 at an accelerating voltage of 10 kV. the
microcantilevers were taken using the Carl Zeiss EVOLS 15 at an accelerating voltage of 10 kV.

2.2. Spiropyran Dithiolane Derivative Synthesis
2.2. Spiropyran Dithiolane Derivative Synthesis
The SP derivative used for the photochromic SAMs, 2-(3′,3′-dimethyl-6-nitrospiro [chromeneThe SP derivative used for the photochromic SAMs, 2-(30,30-dimethyl-6-nitrospiro [chromene2,2′-indolin]-1′yl)-5-(1,2-dithiolan-3-yl)pentanoate (SP-dithiolane), was synthesized from 2-(3′,3′2,20-indolin]-10yl)-5-(1,2-dithiolan-3-yl)pentanoate (SP-dithiolane), was synthesized from 2-(30,30-dimethyldimethyl-6-nitrosoiro[chromene-2,2′-indolin]-1′-yl)ethanol (Tokyo Chemicals Industry, United
6-nitrosoiro[chromene-2,20-indolin]-10-yl)ethanol (Tokyo Chemicals Industry, United Kingdom) and
Kingdom) and L-thioctic acid, as described by Ivashenko et al. [46], see Figure 1. The by-product,
L-thioctic acid, as described by Ivashenko et al. [46], see Figure 1. The by-product, dicyclohexylurea
dicyclohexylurea (DCU) was removed through vacuum filtration, followed by rotary evaporation, in
(DCU) was removed through vacuum filtration, followed by rotary evaporation, in order to remove
order to remove the DCM solvent. Purification of the product was performed by column
the DCM solvent. Purification of the product was performed by column chromatography over silica
chromatography over silica gel, using 1:5:1 hexane:DCM:ethyl acetate as the mobile phase. The
gel, using 1:5:1 hexane:DCM:ethyl acetate as
the mobile phase. The isolated product was characterized
isolated product was characterized by 1H-NMR and 13C-NMR on a Bruker Avance Ultrashield 400
by 1 H-NMR and 13 C-NMR on a Bruker Avance Ultrashield 400 MHz NMR in deuterated chloroform
MHz NMR in deuterated chloroform (CDCl3) (Figure S1).
(CDCl3 ) (Figure S1).

0 ,30 -dimethyl-6-nitrospiro[chromene-2,20 -indolin]-10 yl) -5-(1,2-dithiolan-3Figure
Synthesis
of 2-(3′,3′-dimethyl-6-nitrospiro[chromene-2,2′-indolin]-1′yl)
-5-(1,2-dithiolan-3Figure
1. 1.
Synthesis
of 2-(3
0 ,30 -dimethyl-6-nitrospiro[chromene-2,20 -indolin]-10 -yl) ethanol
yl)pentanoate
from
2-(3′,3′-dimethyl-6-nitrospiro[chromene-2,2′-indolin]-1′-yl)
ethanol
and
L-thioctic
yl)pentanoate
from
2-(3
and
L-thioctic
acid
in
the
presence
of
N’-dicyclohexylcarbodiimide
(DCC)
and
4-N,
N-dimethylaminopyridine
acid in the presence of N’-dicyclohexylcarbodiimide (DCC) and 4-N, N-dimethylaminopyridine
(DMAP).
(DMAP).

2.3.
Studies
2.3.UV-Vis
UV-Vis
Studies
UV-Vis
solution
studies
were
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onon
a SP-dithiolane
10−5
ethanol
using
aa
UV-Vis
solution
studies
were
performed
a SP-dithiolane
10−5MMsolution
solutioninin
ethanol
using
Varian
Carey
50
probe
spectrophotometer
(Figure
S2).
Prior
to
the
collection
of
the
MC-dithiolane
Varian Carey 50 probe spectrophotometer (Figure S2). Prior to the collection of the MC₋dithiolane
spectrum,
thethe
solution
was was
irradiated
with UV
light
1 minfor
using
a CL-1000
Violet Crosslinker
spectrum,
solution
irradiated
with
UVforlight
1 min
using Ultra
a CL-1000
Ultra Violet
−4 M in ethanol)
chamber.
The
kinetics
of
the
SP/MC
switching
were
also
investigated
in
solution
(10
Crosslinker chamber. The kinetics of the SP/MC switching were also investigated in solution (10−4 M
using
the UV/Vis
CareyVarian
50 probe
spectrophotometer.
The absorbance
at λmax 545 at
nm
was
in ethanol)
usingVarian
the UV/Vis
Carey
50 probe spectrophotometer.
The absorbance
λmax
545
monitored
each secondeach
oversecond
1 h (Figure
solution,
which
was placed
inwas
a quartz
cuvette,
was
nm was monitored
over S3).
1 h The
(Figure
S3). The
solution,
which
placed
in a quartz
subjected
UV subjected
light until the
values
stabilized.
Following
this, the solution
was exposed
white light
cuvette,towas
to UV
light
until the
values stabilized.
Following
this, thetosolution
was
irradiation
(Dolan-Jenner-Industries
Fiber-Lite LMI light emitting
diode (LED
lamp)).
The experiment
exposed to
white light irradiation (Dolan-Jenner-Industries
Fiber-Lite
LMI light
emitting
diode (LED
was
carried
outexperiment
over five cycles.
The first-order
constant
ring opening
to MC)for
and
lamp)).
The
was carried
out overrate
five
cycles. for
Thethe
first-order
rate (SP
constant
thering
ring
closing
(MC
to
SP)
processes
were
calculated
using
Equations
S1–S2
(ESI,
Figures
S4
and
S5).
opening (SP to MC) and ring closing (MC to SP) processes were calculated using Equations S1–S2

(ESI, Figures S4–S5).
2.4. Microcantilever Functionalization
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2.4. Microcantilever Functionalization
Test microcantilevers were functionalized with SP-dithiolane SAMs as per the procedure described
by Ivashenko et al. [46]. For this purpose, the microcantilevers were immersed in a 10−4 M SP-dithiolane
solution in DCM overnight, and then washed with DCM and dried under a gentle stream of nitrogen
gas. Each microcantilever array was composed of four wells of microcantilevers (Figure S6A), where the
first well was left unfunctionalized (4 reference microcantilevers) while wells 2–4 were functionalized
(12 test microcantilevers). This was achieved by having the meniscus of the SP-dithiolane solution
below the first well (ESI, Figure S6B).
2.5. Microcantilever Deflection Measurements
Microcantilever deflection measurements were carried out using the Protiveris system,
which utilizes the static mode of microcantilever operation [47]. The deflection of 16 microcantilevers
can be measured simultaneously with this system (Figure 2). The position-sensitive detector (PSD) has
a 20 × 20 mm2 sensing area, and allows measurement of microcantilever bending down to 0.1 nm [47].
The microcantilever array contains four individual cells (Figure 2A, each of them composed of four
free microcantilevers and one fixed mirror, as seen in Figure 2A,B The fixed mirror is in place to give
information on perturbations/drifts of the optical system and not from the deflection of cantilevers.
The deflection of each individual microcantilever was measured after achieving an optical alignment
of the laser sources on the back of the microcantilever array. In this work, post SP functionalization, all
the cantilevers were deflected upwards with respect to the reference mirror. This caused a difference in
the position of the reflected spots that prevented getting the maximum laser reflection from the back of
the free cantilevers and the fixed mirror, simultaneously. As a direct consequence, it was not possible to
monitor the signal from the fixed mirrors in these experiments. A method to overcome this limitation
is difficult to implement due to the functionalization of the cantilevers. Therefore, further studies will
be needed in order to overcome this limitation. The microcantilevers were maintained at the same
environmental temperature of 26 ◦ C throughout the experiments. The cartridge holder is contained
in an environmental chamber blocking outside light. The cartridge is thermally insulated from the
rest of the device by a thick Teflon sheet and it can be heated using a resistor embedded in the metal
body of the cartridge itself. The temperature can be controlled with 0.1 ◦ C precision using an external
temperature controller, as described in [47]. A white light emitting diode (LED) and a UV LED were
placed directly over the microcantilever holder and inside the chamber enclosing the microcantilever
holder. The white or UV LED were turned on or off at the required times. LED sources were used
in order to minimize possible heating effects of the microcantilevers that could lead to associated
thermal drifts. Data normalization and baseline subtraction methods were utilized as described by
Hegner et al. [48,49].

0.1 °C precision using an external temperature controller, as described in [47]. A white light emitting
diode (LED) and a UV LED were placed directly over the microcantilever holder and inside the
chamber enclosing the microcantilever holder. The white or UV LED were turned on or off at the
required times. LED sources were used in order to minimize possible heating effects of the
microcantilevers
Sensors
2020, 20, 854 that could lead to associated thermal drifts. Data normalization and baseline
5 of 12
subtraction methods were utilized as described by Hegner et al. [48,49].

Figure 2.
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microcantilevers; The UV LED and white light (WL) LED used for the SP/MC switching are also
shown. (B) SEM image of one individual well composed of 4 microcantilevers and one reference mirror;
(C) SEM detail of microcantilevers.

2.6. Detection of Surface Stress
A difference in surface stress between the two sides of a microcantilever induces a deflection of
the microcantilever. This change in surface stress and corresponding deflection can be calculated using
a version of Stoney’s formula, Equation (1) [2],
∆z =

3(1−v)L2
^

σ

(1)

Et2
^

where L is the length (756 µm), v is the Poisson’s ratio (0.22), E is the Young’s Modulus (1.65 × 1011 Pa),
t is the thickness (1µm) of the microcantilever and σ is the surface stress generated. The surface stress
induced on the microcantilever surface, as a result of the SP/MC conversion, can be calculated by using
the average differential deflection and Equation (1).
3. Results and Discussion
3.1. Photo-Induced Microcantilever Deflections
Previous work tested the response of the silicon microcantilevers functionalized with SP on the
silicon side of the microcantilevers, monitoring only the change in state from SP to MC and without
using baseline subtraction methods [44]. This earlier work showed an upward deflection response of
the functionalized microcantilever on exposure to UV due to the SP changing state to the MC form.
In the present work, the microcantilevers having a SP-dithiolane SAM coating on the gold side (test
microcantilevers) showed a downward deflection upon similar exposure to UV light.
The different type of stress observed in these experiments, between the SP and MC state, can be
explained if one considers the spatial arrangements of the photochromic molecules, where SP occupies
less volume than MC [23,50]. As the transition SP–MC takes place under UV irradiation, the MC isomer
tends to occupy a larger volume and this can be accommodated by the microcantilever only through a
change in its curvature in order to increase its surface area. This leads to the occurrence of a tensile
stress and down deflection (schematic representation Figure 3, and deflection data shown in Figure 4).
On the other hand, the MC to SP transition implies a reduction in the surface area covered by the

The different type of stress observed in these experiments, between the SP and MC state, can be
explained if one considers the spatial arrangements of the photochromic molecules, where SP
occupies less volume than MC [23,50]. As the transition SP–MC takes place under UV irradiation, the
MC isomer tends to occupy a larger volume and this can be accommodated by the microcantilever
only through a change in its curvature in order to increase its surface area. This leads to the occurrence
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Tests were also carried out to determine the ability of SP-functionalized microcantilevers to
detect the reversibility of the SP–MC transition. To this end, microcantilever response was measured
when exposed to successive illumination using UV and white light LEDs. Figure 4 shows a typical
average deflection response of the test and reference microcantilevers from one array on exposure to
UV and white LEDs over five sequential switching cycles (optimum alignment microcantilevers
signals used, n = 2 reference, n = 3 test). Despite the drift in the deflection of the reference
microcantilever that can be mainly ascribed to thermal fluctuations, larger deflection responses can
be clearly observed in test microcantilevers on exposure to the UV and white light LEDs; thus
demonstrating the ability of silicon microcantilever sensors to detect the reversible change of SP
between the SP and MC state when considering the differential deflection (test minus reference). The
fact that the deflection of the test microcantilevers in both the SP and MC states appears more constant
than the reference microcantilevers is due to the fact that the surface stress induced by the SP or MC
conformations is relatively constant. The fast response time is the result of the monolayer coverage
allowing for fast switching of the SP coating. Larger equilibrium time scales are typically observed in
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changes, in the tens of nm range, are due to molecular conformational changes. Microcantilever
deflections presented in Figure 4 are showing a difference in the direction of deflection and therefore
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in test microcantilevers on exposure to the UV and white light LEDs; thus demonstrating the ability
of silicon microcantilever sensors to detect the reversible change of SP between the SP and MC state
when considering the differential deflection (test minus reference). The fact that the deflection of
the test microcantilevers in both the SP and MC states appears more constant than the reference
microcantilevers is due to the fact that the surface stress induced by the SP or MC conformations
is relatively constant. The fast response time is the result of the monolayer coverage allowing for
fast switching of the SP coating. Larger equilibrium time scales are typically observed in the case of
polymeric coatings [15] or microcantilever deflections that are a result of binding events [51,52].
The mean and standard error of the microcantilever deflection for the test, the unfunctionalized
reference and the differential deflections were determined by measuring responses to UV or white light
LEDs over five switching cycles. The mean linear deflections of the test and reference microcantilevers
were calculated using data normalization and baseline subtraction (see [49,51] for more details) and are
presented in Figure 5. The differential deflection response of the test minus reference microcantilevers
during 5 cycles of alternating UV and white light illumination are presented in Figure S7. It can be seen
that the MC–SP transition leads to a mean differential microcantilever deflection of 15 ± 1 nm upwards,
while the SP–MC transition leads to a mean differential microcantilever of 10.8 ± 0.6 nm, downwards;
see Figure 5. These deflection changes, in the tens of nm range, are due to molecular conformational
changes. Microcantilever deflections presented in Figure 4 are showing a difference in the direction of
Sensors 2020, 19, x FOR PEER REVIEW
7 of 11
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surface, which concurs with other findings on the structural differences of the SP and MC [28–30,42].
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3.2. Photo-Induced Surface Stress
The surface stress induced on the microcantilever surface as a result of the SP/MC conversion
was calculated and is presented in Table 1.
Table 1. The surface stress induced as a result of SP/MC photo-isomerization.

State Transition
SP → MC

Surface Stress Induced (N m−1)
−1.3 ± 0.1 × 10−3

Type of Stress
Compressive
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3.2. Photo-Induced Surface Stress
The surface stress induced on the microcantilever surface as a result of the SP/MC conversion was
calculated and is presented in Table 1.
Table 1. The surface stress induced as a result of SP/MC photo-isomerization.
State Transition
SP → MC
MC → SP

Surface Stress Induced (N m−1 )
10−3

−1.3 ± 0.1 ×
+1.8 ± 0.1 × 10−3

Type of Stress
Compressive
Tensile

Further studies are needed in order to understand the relationship between the aerial surface
coverage, the spatial distribution of the photochromic molecules and the induced stress. Similar
microcantilever deflections and surface stress changes have been observed in other studies where
gold coated microcantilevers were used for the detection of a gene mutation linked to skin cancer [10]
or detection of Kanamycin [52]. However, a quantitative comparison to existing literature cannot
be made due to the difference in the microcantilever sensing systems and in the coating on the
microcantilever surface. Previous investigations exploiting microcantilever sensors for detection of
molecular conformation changes most commonly firstly implied a ligand–receptor association or
dissociation event (accompanied by a mass alteration) that resulted in a molecular change in the
microcantilever coating. As an example, the conformation change of the protein bacteriorhodopsin,
immobilized on the microcantilever surface, has been detected by measuring the microcantilever
deflection response to the injection of hydroxylamine, which induces conformation changes in this
protein due to ligand receptor dissociation [49]. Another study has demonstrated the ability to monitor
real-time conformational changes of enzymes immobilized on a microcantilever surface as a result of
binding with their ligands [53].
At present, elucidating the origin and the magnitude of the stress induced by the SP–MC
transitions (and reflected by the cantilever deflection) still needs further investigations. Thus, while it
is clear that different spatial configuration are occupied by the SP and MC state [46,54], further factors
might also contribute (by enhancing or hindering) to the detected deflection. Thus, the presence
of absorption/emission/dissipation phenomena in the functionalized cantilever can also play a role,
and they can mainly contribute to the presence of the thermal drift on the bending. The role of the
thermal drift appears to be mainly in hindering the effect of the bending, but further studies will
be needed in order to elucidate these aspects. Additionally, improvements in the system to reduce
the effects of the thermal drift would be beneficial. Other groups have developed systems with
improved temperature isolation and methods to measure the static and dynamic deflections of the
microcantilevers to increase the accuracy of the measurements [11,55]. Such improvements are foreseen
for the present configuration and will contribute in elucidating the phenomena described in this
paper. Even though such sophisticated improvements were not present in the work, the obtained
results clearly show that microcantilevers can sense reversible molecular conformation changes of the
SP monolayer solely due to isomerization. Moreover, the lack of hysteresis during the light cycling
(UV/WL) indicates that the microcantilever is an effective transducer for characterizing this reversible
photoswitching process.
4. Conclusions
In this study, reversible photo-induced isomerization between the SP and MC states has been
detected and evaluated using silicon microcantilever-based sensors. For this, the gold coated side of the
microcantilever sensor was functionalized with SP SAMs. Testing five switching cycles of SP to/from
MC transitions demonstrated the ability of the microcantilever sensor system to detect the reversible
switching between the two states on exposure to white or UV light, which induced a tensile and
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compressive stress for the SP to MC and MC to SP transitions, respectively. This difference in surface
stress can be interpreted in terms of the different surface spatial arrangements of the two isomers.
This work also represents a first step towards the realization of a microcantilever sensor, which can
be remotely and selectively configured using UV and white light LEDs. Based on the well-known
binding properties of the MC isomer, once in the ‘OPEN’ MC state, the microcantilever could be
used to capture and detect cationic species such as divalent metal ions by monitoring microcantilever
deflection. Future work in this area will further develop this microcantilever system and will test its
ability to detect the presence of metal ions when the SP coating is turned ‘OPEN’ remotely.
Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8220/20/3/854/s1,
Figure S1: 1 H NMR of SP-dithiolane; Figure S2: Absorbance spectrum of a 10−5 M solution of SP-dithiolane in
ethanol, under different illumination conditions; Figure S3: Graph monitoring the absorbance at λmax = 545 nm
during UV/Vis irradiation cycles of a SP-dithiolane solution in ethanol; Figure S4: Experimental data and fitted
model following the absorbance at 545 nm during the ring opening (SP to MC) process, under UV irradiation,
for three consecutive switching processes; Figure S5: Experimental data and fitted model following the absorbance
at 545 nm during the ring closing (MC to SP) process, under white light irradiation, for three consecutive switching
processes; Figure S6: (A) Photograph of two cantilever arrays having the silicon (top) and the gold (bottom) side
facing up; (B) Placement of the cantilever array, during functionalisation, using the SP-dithiolane solution; Figure
S7: Typical differential deflection response of the test microcantilever during 5 cycles of alternating UV and white
light illumination.
Author Contributions: Conceptualization, R.R., F.B.-L. and L.F.; Formal analysis, L.F., G.A. and C.G.; Methodology,
C.G., L.F. and S.L.; Writing—original draft preparation, C.G.; Writing—review and editing, R.R., F.B.-L., L.F. and
G.A.; Supervision, R.R., L.F., F.P., F.L. and G.A. All authors have read and agreed to the published version of
the manuscript.
Funding: C.G. thanks the Technological University of Dublin for support under the IPS grant scheme. S.L and
L.F. are grateful for financial support from Science Foundation of Ireland (SFI), under the Insight Centre for Data
Analytics initiative, grant number SFI/12/RC/2289. L.F. acknowledges the ERC (European Research Council)
Starting Grant (project number 802929-ChemLife). L.F. also acknowedges the Science Fundation Ireland (SFI)
and European Regional Development Fund (ERDF) under Grant number 12/RC/2278_P2. F.B.-L. acknowledges
the funding support from Gobierno de España, Ministerio de Economía y Competitividad, with Grant No.
BIO2016-80417-P, and Gobierno Vasco Dpto. Educación for the consolidation of the research groups (IT1271-19).
Acknowledgments: Figure 5 illustration courtesy of Karl Gaff, School of Physics, Clinical and Optometric Sciences,
Technological University Dublin.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.
3.
4.
5.

6.
7.

8.
9.

Carrascosa, L.G.; Moreno, M.; Álvarez, M.; Lechuga, L.M. Nanomechanical biosensors: A new sensing tool.
TrAC Trends Anal. Chem. 2006, 25, 196–206. [CrossRef]
Boisen, A.A.; Dohn, S.; Keller, S.S.; Schmid, S.; Tenje, M. Cantilever-like micromechanical sensors.
Reports Prog. Phys. 2012, 74, 36101. [CrossRef]
Lang, H.P.; Hegner, M.; Gerber, C. Nanomechanical Cantilever Array Sensors. In Springer Handbook of
Nanotechnology; Bhushan, B., Ed.; Springer: Berlin/Heidelberg, Germany, 2010; pp. 427–452.
Fritz, J. Cantilever biosensors. Analyst 2008, 133, 855–863. [CrossRef] [PubMed]
Gurusamy, J.T.; Putrino, G.; Jeffery, R.D.; Silva, K.K.M.B.D.; Martyniuk, M.; Keating, A.; Faraone, L. MEMS
based hydrogen sensing with parts-per-billion resolution. Sens. Actuators B Chem. 2019, 281, 335–342.
[CrossRef]
Thundat, T.; Warmack, R.; Chen, G.; Allison, D. Thermal and ambient induced deflections of scanning force
microscope cantilevers. Appl. Phys. Lett. 1994, 64, 2894–2896. [CrossRef]
Lang, H.P.; Ballerab, M.K.; Berger, R.; Gerber, C.; Gimzewski, J.K.; Battiston, F.M.; Fornaro, P.; Ramseyer, J.P.;
Meyer, E.; Güntherod, H.J. An artificial nose based on a micromechanical cantilever array. Anal. Chim. Acta
1999, 393, 59–65. [CrossRef]
Dammer, U.; Hegner, M.; Anselmetti, D.; Wagner, P.; Dreier, M.; Huber, W.; Güntherodt, H.J. Specific
antigen/antibody interactions measured by force microscopy. Biophys. J. 1996, 70, 2437–2441. [CrossRef]
Zhang, N.; Tan, Z.; Li, J.; Meng, W.; Xu, L.; Zhang, N.H.; Tan, Z.Q.; Li, J.J.; Meng, W.L.; Xu, L.W. Interactions
of Single stranded DNA on microcantielvers. Curr. Opin. Colloid Interfacr. Sci. 2011, 16, 592–596. [CrossRef]

Sensors 2020, 20, 854

10.
11.
12.
13.
14.
15.
16.

17.
18.

19.

20.
21.
22.
23.
24.
25.

26.
27.

28.
29.
30.
31.
32.

10 of 12

Huber, F.; Lang, H.P.; Backmann, N.; Rimoldi, D.; Gerber, C. Direct detection of a BRAF mutation in total
RNA from melanoma cells using cantilever arrays. Nat. Nanotechnol. 2013, 8, 125–129. [CrossRef]
Jensen, J.; Maloney, N.; Hegner, M. A multi-mode platform for cantilever arrays operated in liquid.
Sens. Actuators B Chem. 2013, 183, 388–394. [CrossRef]
Bache, M.; Taboryski, R.; Schmid, S.; Aamand, J.; Jakobse, M.J. Investigations on antibody binding to a
micro-cantilever coated with a BAM pesticide residue. Nanoscale Res. Lett. 2011, 6, 386. [CrossRef] [PubMed]
Bao, Y.; Xu, P.; Cai, S.; Yu, H.; Li, X. Detection of volatile-organic-compounds (VOCs) in solution using
cantilever-based gas sensors. Talanta 2018, 182, 148–155. [CrossRef] [PubMed]
Hegner, M.; Gerber, C.; Arntz, Y.; Zhang, J.; Bertoncinis, P.; Husale, S.; Lang, H.P.; Grange, W. Chapter
11–Biological Single Molecule Applications and Advanced Biosensing. J. Chromatogr. Libr. 2003, 68, 241–263.
Chen, T.; Chang, D.; Liu, T.; Desikan, R.; Datar, R.; Thundat, T.; Berger, R.; Zauscher, S. Glucose-responsive
polymer brushes for microcantilever sensing. J. Mater. Chem. 2010, 20, 3391–3395. [CrossRef]
Le, X.; Peng, L.; Pang, J.; Xu, Z.; Gao, C.; Xie, J. Humidity sensors based on AlN microcantilevers excited at
high-order resonant modes and sensing layers of uniform graphene oxide. Sens. Actuators B Chem. 2019, 283,
198–206. [CrossRef]
Mala Serene, I.; RajasekharaBabu, M.; Alex, Z.C. A study and analysis of Microcantilever materials for
disease detection. Mater. Today Proc. 2018, 5, 1219–1225. [CrossRef]
Chen, C.H.; Hwang, R.Z.; Huang, L.S.; Lin, S.M.; Chen, H.C.; Yang, Y.C.; Lin, Y.T.; Yu, S.A.; Lin, Y.S.;
Wang, Y.H.; et al. A Wireless Bio-MEMS Sensor for C-Reactive Protein Detection Based on Nanomechanics.
IEEE Trans. Biomed. Eng. 2009, 56, 462–470. [CrossRef]
Kim, J.Y.; Oyunbaatar, N.-E.; Lee, D.-W. Fully automated high-throughput cardiac toxicity screening platform
using interlocking-structured 192 SU-8 cantilever arrays. Sens. Actuators B Chem. 2019, 285, 129–136.
[CrossRef]
Vashist, S.K.; Holthöfer, H. Microcantilevers for Sensing Applications. Meas. Control. 2010, 43, 84–88.
[CrossRef]
Ma, R.-H.; Ho, M.-C.; Lee, C.-Y.; Wang, Y.-H.; Fu, L.-M. Micromachined silicon cantilever paddle for
high-flow-rate sensing. Sensors Mater. 2006, 18, 405–417.
Zhao, L.; Huang, L.; Luo, G.; Wang, J.; Wang, H.; Wu, Y.; Li, Z.; Zhou, X.; Jiang, Z. An immersive resonant
sensor with microcantilever for pressure measurement. Sens. Actuators A Phys. 2019, 111686. [CrossRef]
Florea, L.; Diamond, D.; Benito-Lopez, F. Photo-Responsive Polymeric Structures Based on Spiropyran.
Macromol. Mater. Eng. 2012, 297, 1148–1159. [CrossRef]
Klajn, R. Spiropyran-based dynamic materials. Chem. Soc. Rev. 2014, 43, 148–184. [CrossRef] [PubMed]
Guo, X.; Huang, L.; O’Brien, S.; Kim, P.; Nuckolls, C. Directing and Sensing Changes in Molecular
Conformation on Individual Carbon Nanotube Field Effect Transistors. J. Phys. Chem. C 2005, 127,
15045–15047. [CrossRef] [PubMed]
Levitus, M.; Glasser, G.; Neher, D.; Aramendía, P.F. Direct measurement of the dipole moment of a metastable
merocyanine by electromechanical interferometry. Chem. Phys. Lett. 1997, 277, 118–124.
Bletz, M.; Pfeifer-Fukumura, U.; Kolb, U.; Baumann, W. Ground- and First-Excited-Singlet-State Electric
Dipole Moments of Some Photochromic Spirobenzopyrans in Their Spiropyran and Merocyanine Form.
J. Phys. Chem. A 2002, 106, 2232–2236. [CrossRef]
Gruler, H.; Vilanove, R.; Rondelez, F. Reversible photochemical strain in langmuir monolayers. Phys. Rev. Lett.
1980, 44, 590. [CrossRef]
Gruler, H.; Vilanove, R.; Rondelez, F. Photochromism of monolayers of poly(methylmethacrylate) having
spirobenzopyran side groups. Macromolecules 1983, 16, 825–831.
Panaiotov, I.; Taneva, S.; Bois, A.; Rondelez, F. Photoinduced dilatational motion in monolayers of poly(methyl
methacrylate) having benzospiropyran side groups. Macromolecules 1991, 24, 4250–4254. [CrossRef]
Florea, L.; McKeon, A.; Diamond, D.; Benito-Lopez, F. Spiropyran polymeric microcapillary coatings for
photodetection of solvent polarity. Langmuir 2013, 29, 2790–2797. [CrossRef]
Francis, W.; Dunne, A.; Delaney, C.; Florea, L.; Diamond, D. Spiropyran based hydrogels actuators—Walking
in the light. Sens. Actuators B Chem. 2017, 250, 608–616. [CrossRef]

Sensors 2020, 20, 854

33.

34.
35.
36.

37.
38.
39.

40.

41.
42.

43.
44.

45.
46.
47.
48.
49.

50.
51.
52.
53.

54.

11 of 12

Stumpel, J.E.; Ziółkowski, B.; Florea, L.; Diamond, D.; Broer, D.J.; Schenning, A.P.H.J. Photoswitchable ratchet
surface topographies based on self-protonating spiropyran-NIPAAM hydrogels. ACS Appl. Mater. Interfaces
2014, 6, 7268–7274. [CrossRef] [PubMed]
Ziółkowski, B.; Florea, L.; Theobald, J.; Benito-Lopez, F.; Diamond, D. Self-protonating
spiropyran-co-NIPAM-co-acrylic acid hydrogel photoactuators. Soft Matter 2013, 9, 8754–8760. [CrossRef]
Rosario, R.; Gust, D.; Hayes, M.; Jahnke, F.; Springer, J.; Garcia, A.A. Photon-modulated wettability changes
on spiropyran coated surfaces. Langmuir 2002, 18, 8062–8069. [CrossRef]
Benito-Lopez, F.; Scarmagnani, S.; Walsh, Z.; Paull, B.; Macka, M.; Diamond, D. Spiropyran modified
micro-fluidic chip channels as photonically controlled self-indicating system for metal ion accumulation and
release. Sens. Actuators B Chem. 2009, 140, 295–303. [CrossRef]
Fries, K.H.; Driskell, J.D.; Sheppard, G.R.; Locklin, J. Fabrication of spiropyran-containing thin film sensors
used for the simultaneous identification of multiple metal ions. Langmuir 2011, 27, 12253–12260. [CrossRef]
Natali, M.; Giordani, S. Interaction studies between photochromic spiropyrans and transition metal cations:
The curious case of copper. Org. Biomol. Chem. 2012, 10, 1162–1171. [CrossRef]
Dunne, A.; Delaney, C.; McKeon, A.; Nesterenko, P.; Paull, B.; Benito-Lopez, F.; Diamond, D.; Florea, L.
Micro-Capillary Coatings Based on Spiropyran Polymeric Brushes for Metal Ion Binding, Detection, and
Release in Continuous Flow. Sensors 2018, 18, 1083. [CrossRef]
Gelmi, A.; Zanoni, M.; Higgins, M.J.; Gambhir, S.; Officer, D.L.; Diamond, D.; Wallace, G.G. Optical switching
of protein interactions on photosensitive–electroactive polymers measured by atomic force microscopy.
J. Mater. Chem. B 2013, 1, 2162–2168. [CrossRef]
Chung, D.-J.; Ito, Y.; Imanishi, Y. Preparation of porous membranes grafted with poly(spiropyran-containing
methacrylate) and photocontrol of permeability. J. Appl. Polym. Sci. 2018, 51, 2027–2033. [CrossRef]
Davis, D.A.; Hamilton, A.; Yang, J.; Cremar, L.D.; Van Gough, D.; Potisek, S.L.; Ong, M.T.; Braun, P.V.;
Martínez, T.J.; White, S.R.; et al. Force-induced activation of covalent bonds in mechanoresponsive polymeric
materials. Nature 2009, 459, 68–72. [CrossRef] [PubMed]
Potisek, S.L.; Davis, D.A.; Sottos, N.R.; White, S.R.; Moore, J.S. Mechanophore-Linked Addition Polymers.
J. Am. Chem. Soc. 2007, 129, 13808–13809. [CrossRef] [PubMed]
Grogan, C.; Florea, L.; Koprivica, S.; Scarmagnani, S.; O’Neill, L.; Lyng, F.; Pedreschi, F.; Benito-Lopez, F.;
Raiteri, R. Microcantilever arrays functionalised with spiropyran photoactive moieties as systems to measure
photo-induced surface stress changes. Sens. Actuators B Chem. 2016, 237, 479–486. [CrossRef]
Lotze, C.; Luo, Y.; Corso, M.; Franke, K.J.; Haag, R.; Pascual, J.I. Reversible electron-induced cis–trans
isomerization mediated by intermolecular interactions. J. Phys. Condens. Matter. 2012, 24, 394016. [CrossRef]
Ivashenko, O.; van Herpt, J.T.; Feringa, B.L.; Rudolf, P.; Browne, W.R. UV/Vis and NIR Light-Responsive
Spiropyran Self-Assembled Monolayers. Langmuir 2013, 29, 4290–4297. [CrossRef]
Zhang, R.; Best, A.; Berger, R.; Cherian, S.; Lorenzoni, S.; Macis, E. Multiwell micromechanical cantilever
array reader for biotechnology. Rev. Sci. Instrum. 2007, 78, 084103. [CrossRef]
Braun, T.; Huber, F.; Ghatkesar, M.K.; Backmann, N.; Lang, H.P.; Gerber, C.; Hegner, M. Processing of kinetic
microarray signals. Sens. Actuators B Chem. 2007, 128, 75–82. [CrossRef]
Braun, T.; Backmann, N.; Vögtli, M.; Bietsch, A.; Engel, A.; Lang, H.-P.; Gerber, C.; Hegner, M. Conformational
Change of Bacteriorhodopsin Quantitatively Monitored by Microcantilever Sensors. Biophys. J. 2006, 90,
2970–2977. [CrossRef]
Wagner, P.; Theato, P. Light induced wettability changes on polymer surfaces. Polymer 2014, 55, 3436–3453.
[CrossRef]
Huber, F.; Hegner, M.; Gerber, C.; Güntherodt, H.-J.; Lang, H.P. Label free analysis of transcription factors
using microcantilever arrays. Biosens. Bioelectron. 2006, 21, 1599–1605. [CrossRef]
Bai, X.; Hou, H.; Zhang, B.; Tang, J. Label-free detection of kanamycin using aptamer-based cantilever array
sensor. Biosens. Bioelectron. 2014, 56, 112–116. [CrossRef] [PubMed]
Livan Alonso-Sarduy, Paolo De Los Rios, Fabrizio Benedetti, Dusan Vobornik, Giovanni Dietler, Sandor
Kasas, Giovanni Longo Real-Time Monitoring of Protein Conformational Changes Using a Nano-Mechanical
Sensor. PLoS ONE 2014, 9, e103674.
Schulze, G.; Franke, K.J.; Pascual, J.I. Induction of a Photostationary Ring-Opening–Ring-Closing State of
Spiropyran Monolayers on the Semimetallic Bi(110) Surface. Phys. Rev. Lett. 2012, 109, 26102. [CrossRef]
[PubMed]

Sensors 2020, 20, 854

55.

12 of 12

Walther, M.; Fleming, P.M.; Padovani, F.; Hegner, M. An optimized measurement chamber for cantilever
array measurements in liquid incorporating an automated sample handling system. EPJ Tech. Instrum. 2015,
2, 7. [CrossRef]
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

